Abstract: Surface charge is often hypothesized to influence toxicity of nanoparticles (NPs) including polymeric nanoparticles (PNPs) while oxidative stress is considered to be an important mode of action (MOA) for such toxicity. In order to investigate the role of membrane disturbance and oxidative stress in the MOA of PNPs, the cytotoxicity and a range of related cellular endpoints induced by monodisperse, fluorescent, cationic and anionic polystyrene nanoparticles (PSNPs) of 50 and 100 nm sizes were investigated in vitro in macrophage NR8383 cells. Only amine-terminated cationic PSNPs exhibited cytotoxicity which was accompanied by induction of intracellular reactive oxygen species (ROS), increased levels of cytoplasmic free calcium, a reduced phagocytic index, a reduced mitochondrial membrane potential (ΔΨ m ) and a decreased intracellular ATP content with the effects being more pronounced for 50 nm than 100 nm PSNPs. Both cationic and anionic PSNPs were found to increase the roughness of the cell membrane with the effect being more profound for cationic PSNPs. The pattern of protection by cellular antioxidants against the effects induced by positive PSNPs was similar to the pattern of protection against effects induced by the mitochondrial electron transport disrupting agent 2,4-dinitrophenol (DNP) and dissimilar to that for protection against the model compound for oxidative stress, i.e. hydrogen peroxide (H 2 O 2 ). Surface charge influences the cellular interaction for NPs. The results collectively indicated that membrane interaction, and disturbance of the mitochondrial electronic transport chain (ETC) may represent a principal mechanism of toxicity for cationic PSNPs resulting in ROS production and oxidative stress as secondary effects.
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Introduction
Nanotechnology in recent years has experienced unprecedented growth with its applications ranging from energy production to food technology and medicine. The increase in nanotechnology-based products also raises the concern for health related aspects [1, 2] with regards to the inevitable human exposure. One of the less understood topics related to nanotoxicological research is the factor(s) that influence the interaction between nanoparticles (NPs) and cells and the mode of action (MOA) underlying such cellular toxicity. Surface charge and particle size are often hypothesized to be the most important factors that influence cellular toxicity of NPs [3] [4] [5] . With successful application of polymer engineering, different polymeric nanoparticles (PNPs) with diverse physico-chemical properties (like biodegradability, fluorescence etc.) can be synthesized. This provides a unique tool for the toxicologists to investigate how surface charge and particle size might influence cellular interactions and toxicity of PNPs including their MOA. Hence, an investigation into the role of surface charge on the cellular interaction and MOA for cytotoxicity of PNPs is timely and justified.
Oxidative stress caused by the induction of intracellular reactive oxygen species (ROS) production by different NPs is a popular model to explain the cytotoxicity [6] [7] [8] . However, the source of cellular ROS still remains unclear. It is possible that NPs can react with a wide variety of biomolecules producing radicals, like ROS. Simultaneously, some recent reports identified intracellular mitochondria as target organs for different NPs. Charged NPs can interact with intracellular mitochondria and dissipate the mitochondrial membrane potential (ΔΨ m ). In continuation to a possible deterioration of mitochondrial physiology after exposure to charged NPs, an increase in the intracellular calcium can be apprehended. Previously, some groups reported an increase in intracellular calcium after exposure to cationic NPs [9, 10] . This is an interesting finding as an increase in intracellular calcium can trigger apoptotic pathways. A disturbance in mitochondrial membrane physiology can also disrupt the electron transport chain (ETC) and induce the production of ROS in addition to causing cellular ATP depletion. Then the question may be raised whether the ROS production is the cause of the cytotoxicity or rather a secondary effect occurring after ATP depletion or other effects following disruption of the mitochondrial function? To investigate the importance of ROS production and resulting oxidative stress as a mechanism of cytotoxicity of PSNPs, cytotoxic amine-terminated cationic PSNPs (PSNP-NH 2 ), and anionic acid-terminated PSNPs (PSNP-COOH) which did not show any cytotoxicity, were tested for ROS production, cytotoxicity and a range of related cellular endpoints in macrophage NR8383 cells in which antioxidant levels were artificially modified. For comparison, similar experiments as done with the PSNPs, were performed using the mitochondrial ETC disrupting agent, 2,4-dinitrophenol (DNP) and with the known inducer of oxidative stress, hydrogen peroxide (H 2 O 2 ). The main objectives of this article are therefore to systematically investigate the effect of surface charge in the cytotoxicity of well characterized PSNPs as well as to understand the MOA of such toxicity into detail. The importance of oxidative stress as MOA in such toxicities of charged NPs was also probed.
Results

Characterization of PSNPs
The characterization of the PSNPs was done by measuring the size and polydispersity index (PDI) by dynamic light scattering (DLS), surface potential (as an indication of surface charge) by ζ-potential measurements and imaging by atomic force microscopy (AFM). The results are shown in Figure 1 and Table 1 , respectively. From Figure 1 (AFM image), the PSNPs could clearly be visualized with mild variation of sizes arising due to embedding of the PSNPs in the soft layer. The dispersion of the PSNPs both in water and cell culture medium (DMEM/F12-K) containing 10% fetal calf serum (FCS) were confirmed by DLS and the PDI of the PSNPs in aqueous dispersions were found to be very low (Table 1) . While in cell culture medium containing FCS, an increase in size for the PSNPs could be observed (after 4 h) which resulted from the surface adsorption of proteins added to the cell culture medium via FCS. However, despite the increase in size in the cell culture medium, the PSNPs continued to be quite monodisperse as indicated by the PDI and shown in Table 1 . The PSNPs were quite stable both in aqueous and cell culture medium over at least a month (as determined by DLS) and did not show any sedimentation or aggregation.
Cytotoxicity measurement by the MTT and phagocytic index (PI) assay
The cytotoxicity of the PSNPs was measured by the MTT (Figure 2 ) and the PI (Figure 3) assays. At the concentrations tested (0-100 µg/ml), only the cationic PSNPs showed signs of cytotoxicity in both these assays. For the anionic PSNPs, no such cytotoxicity could be observed. The EC50 values obtained from the MTT and PI assays are presented in Table 2 . Although not always statistically significant (p < 0.05), a size-dependent effect on the cytotoxicity of PSNPs could be observed. In this case, the smaller cationic PSNPs (50 nm) were relatively more cytotoxic than the larger ones (100 nm). To investigate the role of oxidative stress in the MOA of the PSNP-NH 2 the protective effects of vitamins E and C were investigated and compared to the protection by these antioxidants against the mitochondrial ETC disrupting agent 2,4-dinitrophenol (DNP) and the known inducer of oxidative stress, hydrogen peroxide (H 2 O 2 ).
The results obtained are shown in Figure 4 . From the results on the protective effects of anti-oxidants compared to the toxicity of PSNP-NH 2 , it could be seen that, although vitamins E and C were capable of providing some protection against cytotoxicity of PSNP-NH 2 , the protection failed to be significant (p < 0.05). The pattern of protection by vitamins E and C against the cytotoxicity induced by positive PSNPs was similar to the pattern of protection against the cytotoxicity of the mitochondrial electron transport disrupting agent DNP but dissimilar to that for protection against cytotoxicity of the model compound for oxidative stress H 2 O 2 . The effect of modulating the intracellular levels of GSH by preexposure to buthionine sulphoximine (BSO) or N-acetyl cysteine (NAC) on the cytotoxicity caused by DNP, PSNP-NH 2 and H 2 O 2 are shown in Figure 5 . Both decreasing the intracellular GSH levels by incubation with BSO and increasing these levels of cellular antioxidants by incubation with NAC, did not significantly (p < 0.05) Mitochondrial membrane potential (ΔΨ m ) assessment.
Fig 4: Effects of vitamins E (■) and C (•) on cell viability in
In order to investigate the probable effect of different PSNPs on intracellular mitochondria, the mitochondrial membrane potential (ΔΨ m ) was measured. Normally, an electrochemical gradient of 130-140 mV potential difference exists across the mitochondrial membrane [11] with the outer side (towards the cytoplasm) being relatively positive compared to the inner side (towards the mitochondrial matrix). The results obtained are shown in Figure 6 . The cationic PSNPs of both sizes (50 nm > 100 nm) caused a dosedependent reduction in the ΔΨ m within the tested concentration range (0-100 µg/ml) in contrary to the anionic ones, which did not show any effect on the value of ΔΨ m . The corresponding EC50 values are given in Table 2 .
Fig 6: Mitochondrial membrane potential (ΔΨ m ) expressed as % of negative control (0 µg/ml) after 4 h exposure of NR8383 cells to positive and negative PSNPs of 50 (▲) and 100 (■) nm sizes (n=3).
The asterisk (*) symbol signifies statistical difference from the negative control at p < 0.05.
Measurement of intracellular ROS production by the DCFH-DA assay.
The DCFH-DA (2´,7´-dichlorofluorescein diacetate) assay was used to assess any induction in intracellular ROS production by different PSNPs. The results of the DCFH-DA assay are shown in Figure 7 . In contrast to the anionic PSNPs, the cationic PSNPs of both sizes showed induction in ROS production, with the 50 nm PSNPs being more effective than the 100 nm. The corresponding EC50 values are given in Table 2 .
Fig 7: Induction in intracellular ROS production expressed as % of negative control (0 µg/ml) after 4 h exposure of NR8383 cells to positive and negative PSNPs of 50 (▲) and 100 (■) nm sizes (n=3).
Induction of intracellular ROS measured by the DCFH-
DA assay in presence of DNP, PSNP-NH 2 and H 2 O 2 . Figure 8 shows the induction of ROS in NR8383 cells after 4 h exposure to serial dilutions of DNP, PSNP-NH 2 and H 2 O 2 . In the absence of vitamins E or C, H 2 O 2 showed maximal induction of ROS production (>1100 %) followed by the PSNP-NH 2 (~563 %) and DNP (~500 %), all compared to the negative control. Vitamins E and C suppressed the inductions of ROS for all three exposure agents markedly, to a level hardly above control values. The pattern of ROS production induced by PSNP-NH 2 resembled that of the ETC uncoupler DNP more than that of the oxidative stress model compound H 2 O 2 .
Fig 8: Effects of vitamins E (■) and C (•) on the intracellular ROS induction in NR8383 cells after 4 h exposure to serial dilutions of DNP (0-75 mM), PSNP-NH 2 (0-100 µg/ml) or H 2 O 2 (0-1 µM) (▲) as measured by the DCFH-DA assay (n = 3). The asterisk (*) sign marks significant differences (p < 0.05) compared to the negative control (0 µg/ml).
Measurement of intracellular ATP content.
The intracellular ATP was measured in NR8383 cells after 4 h exposure to different PSNPs in order to further characterize the possible interaction of different surface charge bearing PSNPs with intracellular mitochondria. The results are shown in Figure 9 with the corresponding EC50 values being shown in Table 2 . For the cationic PSNPs, a dose dependent decrease in the cellular ATP content could be observed with the 50 nm PSNPs being more effective than the 100 nm, in contrast to the anionic PSNPs which failed to show any such decrease in cellular ATP content at the concentrations tested (0-100 µg/ml).
Fig 9: Cellular ATP content expressed as % of negative control (0 µg/ml) after 4 h exposure of NR8383 cells to positive and negative PSNPs of 50 (▲) and 100 (■) nm sizes (n=3). The asterisk (*) symbol signifies statistical difference from the negative control at p < 0.05.
Measurement of intracellular calcium.
The cellular calcium content was measured in NR8383 cells after 4 h exposure to serial dilutions (0-100 µg/ml) of different PSNPs. The results are shown in Figure 10 and the corresponding EC50 values are given in Table 2 . As expected, only the cationic PSNPs (50 nm > 100 nm) caused a dose dependent increase in the cytoplasmic free calcium levels whereas no such effects were observed for anionic PSNPs.
Fig 10: Cytoplasmic free calcium content expressed as % of negative control (0 µg/ml) after 4 h exposure of NR8383 cells to positive and negative PSNPs of 50 (▲) and 100 (■) nm sizes (n=3).
Cellular uptake and cellular distribution of PSNPs as determined by CLSM.
The NR8383 cells were exposed to a non-toxic concentration (1 µg/ml) of both cationic and anionic 100 nm PSNPs for 4 h before checking the cellular uptake and cellular distribution of the PSNPs. The results are shown in Figure 11A . The CLSM technique was employed in order to characterize the uptake patterns as well as to perform quantitative assessment of the cellular uptake of PSNPs of different surface charges. The results from at least ten individual cells from three separate experiments were counted. The cationic PSNPs were taken up almost twice as much ( Figure 11B ) as the anionic PSNPs. With a detailed analysis of the data it was found that cationic PSNPs showed more interaction with the cellular periphery. For a n i o n i c P SNP s, no s u c h e n h an c e d i n t e r a c t i o n b e t w e e n t h e PSNPs and the cell membrane could be observed. Differences could also be seen in the intracellular distribution patterns of the two different surface charge bearing PSNPs. For anionic PSNPs, small vesicular structures could be seen inside the cells which were not seen for the cationic PSNPs. For the cationic PSNPs, the NPs were found to be diffusely distributed across the cytoplasm and also in the perinuclear regions.
Fig 11: (A) CLSM images of NR8383 cells (λ ex = 543 nm, λ em =620 nm) after 4 h exposure to positive (amine-terminated/PSNP-NH 2 ) and negative (acid-terminated/PSNP-COOH) 100 nm PSNP. (B) Relative cellular uptake of 100 nm cationic and anionic PSNP in NR8383 cells after 4 h exposure to non-toxic 1 µg/ml concentrations. Results are shown as mean ± SEM. The uptake of the cationic PSNP was taken as 100%. The results were expressed as an arithmetic mean of the CLSM data obtained from 20 individual cells from five separate experiments (n = 5). Scale bars show 10 µm.
Integrity of cell membrane after exposure to PSNPs.
Calcein-AM assay:
To investigate the effect of charged PSNPs on cellular membrane integrity, the calcein assay was performed where non-fluorescent calcein-AM (acetomethoxy) salt was administered which after entering cells is hydrolyzed into calcein and becomes fluorescent. By CLSM, the calcein inside the cells could be visualized and this is a standard technique for testing the integrity of the cell membrane [12] . From the results obtained ( Figure 12 ), it can be seen that for the cationic PSNPs at a noncytotoxic concentration of 1 µg/ml, pouches of calcein leaked out of the cell pointing at a compromised state of the cell membrane. In contrast, for the anionic PSNPs (also at 1 µg/ml), the integrity of the cell membrane was comparable to that of a normal NR8383 cell (control). This indicates that cationic PSNPs could actually harm the structural integrity of the cell membrane. 
AFM:
The results of the AFM investigation are shown in Figure 13 .
The cationic PSNPs caused a higher disruption of cell surface and increased the overall roughness of the surface. The normal mean roughness of NR8383 cells was found to be ~5.3±1 nm whereas after exposure to the cationic PSNPs, the mean roughness showed an almost five-fold increase (~24.7±5 nm). Additionally, pores or holes of different sizes (at least ~150 nm in size) could be observed on the surface. In contrary, for anionic PSNPs, the roughness of the NR8383 cell surface did increase but only to a much lesser degree (~10.2±3 nm) and no such holes could be observed. 
Discussion
The aim of this study was to investigate the role of membrane disturbance and oxidative stress in the MOA of the cytotoxicity of monodisperse, fluorescent anionic PSNPs of different charge and size. To this point, various cellular endpoints were identified in order to better understand the mechanism of such toxicity including the importance of oxidative stress as primary or secondary mechanism of cytotoxicity. The major observations were: 1) the cationic PSNPs showed higher cytotoxicity as well as cellular uptake compared to the anionic PSNP, indicating an effect of surface charge; 2) a sizeeffect was also found since smaller 50 nm cationic PSNP were found to be more toxic compared to the bigger 100 nm cationic PSNP; 3) positively charged PSNPs can cause disruption of the ETC which in turn can act as an inducer of intracellular ROS production, reduction of the mitochondrial membrane potential (ΔΨ m ) and reduction of cellular ATP levels; 4) especially positive PSNP caused a disruption of the membrane integrity and pore formation could be visualized; 5) intracellular mitochondria were identified as a major target organelle in the cytotoxicity causing pathway; 6) the membrane disturbance as well as mitochondrial dysfunction were the principal mechanism of cytotoxicity (for cationic PSNPs) which further resulted into oxidative stress as secondary effect. The PSNPs were either amine (PSNP-NH 2 ) or acid terminated (PSNP-COOH) rendering them to be positively (PSNP-NH 3 + ) or negatively (PSNP-COO -) charged in aqueous dispersions, respectively. Both the PSNP-NH 3 + and PSNP-COO -gave stable dispersions in water as well as in cell culture medium. However, in medium, an increase in the sizes of both the PSNPs was found. This was due to surface adsorption of the protein present in the cell culture medium. The surface adsorption of protein on different engineered NPs has been investigated before and was found to influence the cellular interactions of PNPs [13, 14] . An interesting finding was that the cationic PSNPs overall showed a stronger increase in size as compared to the anionic ones. A possible explanation can be the electrostatic interactions between the surface charge of the PSNPs and the charge of these proteins [15] . The proteins, like albumin, which are present in FCS are often negatively charged at normal pH and thus experience electrostatic attraction towards cationic PSNPs. This can be an explanation for the dissimilar growth in the sizes of cationic and anionic PSNPs in cell culture medium. Our cytotoxicity data are in line with reports where cationic NPs showed greater cytotoxicity as compared to anionic ones, both for polymer [16] and inorganic NPs [17] . It is still not clear on mechanistic grounds why cationic NPs, in general, are more cytotoxic than the anionic ones. A hypothesis put forward by some groups is that the cationic NPs are attracted by electrostatic interaction towards the (overall) anionic cell membrane and even other lipid based biomembranes, which makes their interactions with biomembranes easier as compared to that of the anionic ones [18] . Similarly, size dependence in cytotoxicity of different NPs (with cytotoxicity inversely related to the sizes of NPs) has also been reported for other types of NPs. A clear understanding of the mode of action underlying this size-effect on the cytotoxicity of NPs is lacking although a hypothesis has been put forward that with decreasing size, NPs start becoming more reactive and hence, can react with a wider variety of biomolecules causing toxicity. It is also possible that with decreasing size, a higher % of the molecules in the NP get expressed on the surface, making smaller NPs relatively more reactive than the larger ones [19] . With reference to several recent reports, a surface charge-driven interaction between PSNP-NH 2 and the cellular membranes may be suggested as the major mode of action underlying the cytotoxicity of cationic PSNP-NH 2 [20] [21] [22] [23] . Simultaneously, it was also mentioned that oxidative stress failed to explain several findings related to the primary mechanism of cytotoxicity for NP. The experiments with DNP and H 2 O 2 were therefore intentionally chosen in order to delineate the role of intracellular ROS and oxidative stress in the MOA of PSNP-NH 2 . It was observed that the damage done by H 2 O 2 , which is a known inducer of oxidative stress, can be mitigated effectively by both the vitamins E and C. In contrast, these vitamins failed to significantly (p < 0.05) reduce cytotoxicity caused both by DNP or PSNP-NH 2 . In fact, the protection patterns exhibited by the vitamins E and C against the cytotoxicity of DNP and PSNP-NH 2 showed an overall resemblance with each other and were clearly different from those obtained for H 2 O 2 . The data obtained by decreasing or augmenting the cellular GSH levels further supported this notion. It is reported that cationic PSNP-NH 2 caused a depletion of cellular GSH levels [24, 25] . Hence, external application of NAC should have largely curbed the cytotoxicity of PSNP-NH 2 if oxidative stress was the main driving event behind cytotoxicity Our results matched with the very small amount of investigations where cellular membranes and mitochondria have been identified as cellular targets for NPs with cationic NPs showing deleterious effects on the ΔΨ m [26] . Given that the mitochondrial membrane is the location of the ETC, any disturbance in mitochondrial membrane physiology can be expected to hamper the ETC, disturbing the creation of the proton motive force, and thus the mitochondrial membrane potential ( ΔΨ m ), A T P generation a n d t h e f l o w of electrons, of which the latter may result in ROS production as a secondary effect. This induction of intracellular ROS can cause oxidative stress. Previously various groups had hypothesized that oxidative stress is the mechanism of cytotoxicity of different NPs including PNPs [27, 28] . However, there is still controversy about what may be the source of the production of intracellular ROS. Some groups have reported that intracellular mitochondria can be a target organ for NPs [29, 30] . Our data showed for the first time, that for cationic PSNP-NH 2 , it is not oxidative stress but the membrane interaction with cationic PSNP-NH 2 (with possible ETC disruption) that propels the cytotoxicity pathway, including the induction of ROS as a secondary effect. With evidence pointing towards cationic PSNPs causing an effect on the mitochondrial membrane, it is possible that the mitochondrial calcium could leak out into the cytoplasm. This could result in an increase of cytoplasmic calcium levels and can trigger the apoptotic cascade via cell signaling mechanisms initiating apoptosis [31] . Previously, Xia et al. already reported such increase in cellular calcium levels in RAW 264.7 cells being exposed to cationic PSNPs of 60 nm sizes [27] and our data fit well with their results. It is shown by different groups before that positive NPs, and not negative NPs, cause holes/pores in suspended lipid bilayers (as an in vitro mimic of lipid bilayer biomembranes like cell or mitochondrial membranes) [32, 33] . This is an important finding as creation of such pores in biomembranes could actually contribute to the cytotoxicity of NPs. However, so far creation of holes in the cell membrane of living cells upon exposure to positive NPs has not been observed. In this article, for the first time, with the help of atomic force microscopy (AFM), we were able to directly image the cell membrane topography in NR8383 cells after exposure to differently charged PSNPs. Why cationic PSNPs caused punctures in the cell membrane is not well understood. It has been argued by some groups, based on computational studies, that due to the electrostatic attraction between cationic PSNPs and the (overall) anionic cell membrane, part of the cell membrane protrudes to first cover the PSNPs and then gradually takes up the PSNPs into the lipid bilayers structure of the cell membrane. In contrast, anionic PSNPs get embedded within the membrane lipid bilayer but do not form holes like the cationic ones [34, 35] . Although such explanations on the formation of the holes in the cell membrane by cationic PSNPs need further evidence, it can be said based on the current data that this pore formation phenomenon on cell membranes after exposure to cationic PSNPs may point at a possible mode of action for the adverse effects of cationic PSNPs on cellular integrity. The process of endocytosis might also contribute to the disturbance of membrane integrity. Although by calcein assay, an indirect assessment could be made on the compromised cell membrane integrity after exposure to especially cationic PSNPs, direct evidence for disturbance of membrane structure by PSNPs was obtained by AFM. Previously, some groups already advocated the use of AFM in imaging the surface topography of biological samples including cells [36, 37] . In addition, AFM can be performed in normal and water rich biological conditions making the technique compatible for imaging the surface characteristics of cells. The creation of hole-like structures on the cell membrane by cationic PSNPs can add to the mechanistic understanding of the cytotoxicity of PSNPs. The concentrations applied here for the investigations were non-toxic (1 µg/ml) and hence this discontinuity of the cell membrane may not reflect necrosis. By creating holes in the cell membrane, the cationic PSNPs can cause a disruption in the cell membrane permeability and thus disturb normal cell functioning. The cellular uptake of these fluorescent PNPs has been published before [38] . Taken together, the results of the present paper point towards membrane disruption as the primary cause for the cytotoxicity of PSNP-NH 2 . This membrane disruption then leads to disruption of the ETC and ROS production, with oxidative stress as a secondary effect.
Experimental
PSNPs. The fluorescent PSNP-NH 2 and PSNP-COOH of 50 and 100 nm sizes were purchased from Sigma Aldrich Chemie BV. The sizes (while dispersed in water or DMEM/F12-K medium containing 10 % FCS after 4 h) and PDI of the PSNPs were checked by DLS and imaged by AFM through contact tapping mode on mica surface. The surface potentials of the PSNPs were measured by ζ-potential measurements (Malvern Zetasizer). The stabilities of these PSNPs suspensions both in water and DMEM/F12-K medium (with FCS) were checked by DLS. Medium without PSNPs and medium with Triton-X (0.1%) were used as negative and positive controls, respectively. A 4 h exposure time was selected as the cationic PSNPs already showed significant cytotoxicity within the tested concentration range in 4 h.
MTT assay to investigate protective effects of vitamins E and C against the cytotoxicity of DNP, PSNP-NH 2 and H 2 O 2 . The NR8383 cells were pre-incubated with 100 µM vitamin E or 1 mM vitamin C and then exposed to DNP (0-75 mM), PSNP-NH 2 and H 2 O 2 (0-1 mM). After 4 h, 5 µl of MTT solution in PBS (5 mg/ml) was added to each well and the plate was incubated for another 4 h. The purple formazan crystals were then dissolved in 100 µl/well DMSO and measured at 562 nm and 612 nm (as background). The reading of each well was expressed as % of the negative control (0 µg/ml).
MTT assay with pre-exposure to buthionine sulphoximine (BSO) or N-acetyl cysteine (NAC) to investigate the protective role of cellular GSH. The NR8383 cells were plated with medium containing BSO (100 µM/well) to reduce cellular GSH levels (Buchmiller-Rouiller et al., 1995) or NAC (10 mM/well) to increase cellular antioxidant levels for 24 h and 1 h, respectively, before being exposed to 2,4-DNP, PSNP-NH 2 and H 2 O 2 and performing the MTT assay as described above.
Phagocytic index (PI) measurement. An NR8383 cell suspension (2 × 10 5 cells/ml) was seeded in a 96-well plate (50 µl/well) in F12-K medium, followed by addition of 50 µl/well of serial dilutions of different PSNP in F12-K medium to obtain the required final test concentrations of PSNP (0-100 µg/ml) on the time of incubation. Plain F12-K medium without PSNPs and medium containing 100 μM CuSO 4 were used as negative and positive controls, respectively. After 4 h, the cells were exposed to yellow green fluorescent latex beads (1 μm size) at a ratio of beads to cells in each well of 50:1. After 4 h of incubation (total exposure time 8 h) counting samples were taken from the wells and viewed first under a fluorescent microscope to visualize the fluorescent beads, followed by bright field view to visualize the cells. Samples were also taken out of each well to assess the cell viability by trypan blue exclusion test. The trypan blue exclusion test was performed by adding trypan blue dye with cell suspension (1:1) before measuring the amount of viable cells under light microscope. The phagocytic index was determined by calculating the average number of fluorescent beads phagocytosed per viable cell and expressed as % of the negative control (0 µg/ml). NR8383 cell suspension was adjusted to 2 × 10 cells/ml and seeded MTT assay. An NR8383 cell suspension was centrifuged at 140 g for 5 min before re-suspending the cell pellet in F12˗K medium followed by counting and adjusting the cellular concentration to 2 × 10 5 cells/ml. The cells were then seeded in a 96-well plate (50 μl/well) and the plate was kept in a 5 % CO 2 incubator at 37 °C for 24 h. Subsequently, 50 μl of serial dilutions of different PSNPs in F12-K medium were added to the cells to obtain the required final concentrations (0-100 µg/ml). This was followed by incubation for another 4 h after which 5 µl of MTT solution in PBS (5 mg/ml) was added to each well and the plate was incubated for another 4 h. Then 100 μl of pure dimethysulfoxide (DMSO) was added to each well to dissolve the formazan crystals. The absorption reading of each well was measured at 562 nm in a 96-well plate reader and the background absorption reading at 612 nm was subtracted. Mitochondrial metabolic activity for each concentration of PSNPs was expressed as % of the negative control (0 µg/ml) reading.
in a 96-well plate (50 µl/well) in F12-K medium. 50 µl/well of serial dilutions of different PSNPs in F12-K medium were added to obtain the required final test concentrations of PSNPs (0-100 µg/ml). A concentration of 10 mM H 2 O 2 was used as positive control and F12-K medium without PSNPs as negative control. Immediately after exposure to the PSNPs, 5 µl of a 20 mM solution of DCFH-DA (in DMSO) was added to each well and the plates were incubated for 4 h in a 5 % CO 2 atmosphere at 37 °C making the total exposure time of 4 h. The fluorescence was then measured on a spectrofluorometer at λ ex =485 nm and λ em =538 nm. The fluorescence induction factor for each concentration of PSNPs was calculated by dividing the reading of each well by the average reading of the negative control (0 µg/ml) and expressed as % of the control. Control experiments were performed by incubating the PSNPs at their test concentrations with DCFH-DA in the absence of cells to check the possibility of a positive fluorescence reading caused by reaction of DCFH-DA with PSNPs alone.
Measurement of intracellular ROS production by DCFH-DA assay in presence of DNP and H 2 O 2 . 50 µl of an NR8383 cell suspension (2 × 10 5 cells/ml) in F12-K medium, containing 100 µM vitamin E or 1 mM vitamin C, or no added antioxidants (negative control), was seeded in each well of a 96-well plate and incubated for 24 h. The vitamin C was added after 22 h of incubation, making the preincubation time for vitamin E and vitamin C, 24 h and 2 h, respectively. Different DNP, cationic PSNP-NH 2 and H 2 O 2 dilutions were then added to obtain the test dilutions (0-75 mM for DNP, 0-100 µg/ml for PSNP-NH 2 and 0-1 mM for H 2 O 2 ). 5 µl of a 20 mM DCFH-DA solution in DMSO was added to each well after 4 h and incubated for further 4 h (total exposure time of 8 h). The fluorescence was measured (λ ex = 485 nm, λ em = 538 nm) and the induction factors for each concentration of PSNP were obtained by expressing the readings of the wells as % of the negative control. Control experiments were performed by incubating the DNP, PSNP-NH 2 and H 2 O 2 at their test concentrations with DCFH-DA to exclude any interference with the fluorescence.
Measurement of mitochondrial permeability transition pore opening. The NR8383 cell suspension was adjusted to 2 × 10 5 cells/ml and seeded in a 96-well plate (50 µl/well) in F12-K medium. A 50 µl/well of serial dilutions of different PSNPs in F12-K medium were added to obtain the required final test concentrations of PSNPs (0-100 µg/ml) on time of incubation. The mitochondrial membrane potential (ΔΨ m ) was measured by a commercially available kit from Invitrogen (MitoProbe TM Transition Pore Assay Kit; catalogue no. M34153) and expressed as % of the negative control (0 µg/ml). The assay detects mitochondrial permeability transition pore opening as an indirect measurement for effects on mitochondrial membrane potential (ΔΨ m ). In this kit, a nonfluorescent acetomethoxy derivative of calcein (calcein-AM) is administered which upon passively entering the cells and accumulating in the cytoplasm as well as in the mitochondria, gets cleaved by intracellular esterases to release ionic and fluorescent calcein. Due to strong ionic nature, this released calcein cannot cross the mitochondrial/plasma membrane and thus can be detected by fluorescence inside the cell. In this kit, the fluorescence coming from the calcein in cytoplasm is quenched with the addition of cobalt chloride (CoCl 2 ), so that only the fluorescence coming from the mitochondria can be detected. A 100 µM solution of ionomycin in DMSO (supplied with the kit) and F12-K medium without PSNPs were used as positive and negative controls, respectively. Measurement of cellular ATP content. The NR8383 cell suspension was adjusted to 2 × 10 5 cells/ml and seeded in a 96-well plate (50 µl/well) in F12-K medium. A 50 µl/well of serial dilutions of different PSNPs in F12-K medium were added to obtain the required final test concentrations of PSNPs (0-100 µg/ml) on time of incubation. The cellular ATP was then measured by a commercially available kit from Invitrogen (catalogue no. FLASC) and expressed as % of negative control (0 µg/ml). In this kit, the ATP concentration is measured by the interaction between cellular ATP and luciferin in the presence of Mg 2+ , producing adenyl luciferin which upon oxidation produces light. A 75 mM solution of DNP (in DMSO) and F12-K medium without PSNPs were used as positive (i.e. with known effects of ATP depletion) and negative controls, respectively.
Measurement of cytoplasmic calcium. The NR8383 cell suspension was adjusted to 2 × 10 5 cells/ml and seeded in a 96-well plate (50 µl/well) in F12-K medium. A 50 µl/well of serial dilutions of different PSNPs in F12-K medium were added to obtain the required final test concentrations of PSNPs (0-100 µg/ml) on time of incubation. The cytoplasmic free calcium was then measured by a commercially available kit from Invitrogen (Fluo-4 Direct TM Calcium Assay Kit; catalogue no. F10472) and expressed as % of negative control (0 µg/ml). F12-K medium without PSNPs was used as negative control.
CLSM. The NR8383 cell suspension was adjusted to 2 × 10 5 cells/ml and seeded in a 96-well plate (50 µl/well) in F12-K medium. A 50 µl/well of serial dilutions of different PSNPs in F12-K medium were added to obtain a required non-toxic concentration of PSNPs (1 µg/ml). After 4 h of exposure, samples were taken out and put on a glass slide before examining them under oil immersion microscope (100×) and then visualizing the cells under a Zeiss Axiovert 200M-Exciter confocal laser scanning microscope (λ ex =543 nm; λ em =620 nm). Different samples were measured with the same set up of similar resolution, aperture width and image gain. The relative cellular uptake of 100 nm cationic and anionic PSNPs were expressed as an arithmetic mean of data obtained from 20 individual cells from at least five different experiments (n=5). Cells exposed to only F12-K medium were used as control.
Calcein-AM assay. The NR8383 cell suspension (2 × 10 5 cells/ml) was exposed to 1 µM calcein-AM for 1 h. The cells were then washed with PBS by repeated centrifugation and then exposed to non-toxic concentration of PSNPs (1 µg/ml). After 4 h of exposure, samples were taken out and put on a glass slide before examining it under oil immersion microscope (100×) and then visualizing the cells under a Zeiss confocal laser scanning microscope (λ ex =488 nm; λ em =538 nm). Different samples were measured (n=5) with the same set up of similar resolution, aperture width and image gain. Cells exposed to only calcein were used as control.
AFM.
After exposure to PSNPs (1 µg/ml) for 4 h, cellular samples (from different cultures) were taken from a NR8383 cell suspension (2 × 10 5 cells/ml) before placing it on mica slides. The samples were then checked by AFM in contact tapping mode with silicon nitride tip of an average diameter of 30 nm. Each time an area of 2 × 2 µm was scanned and then the height tracings as well as the three dimensional depictions of the surfaces were made. The roughness (r) was calculated for the area scanned by the computer software. In total, five cells (n=5) were measured for each type of PSNPs.
Statistical analysis. Each experiment was repeated three times (n=3) unless mentioned otherwise and the results are shown as mean ± standard error of mean after analysis and plotting by Origin Pro (version 8.0) software. Data points were taken as statistically significantly different if p < 0.05 compared to the negative control (unless stated otherwise) and marked with an asterisk (*) symbol. The EC50 values were determined by the Origin Pro software after setting up a trendline to the curves.
